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Abstract 
To provide students a realistic neuroscience research experience requiring only computers and no laboratory equipment, we have 
used the public domain neural simulator NEURON to create a program called SWIMMY.  This program simulates neural 
mechanisms underlying fish swimming motions and allows students to do realistic neurophysiological experiments to discover 
how SWIMMY's neural circuitry works. 
Keywords: Neuroscience; motor pattern generation; student laboratory exercise; inquiry-based learning; neural circuit analysis. 
1. Introduction 
Exercises for university level laboratory courses are often relatively cut and dried and commonly require 
laboratory facilities that are expensive to create and maintain.  We believe that the use of digital technology provides 
new and exciting opportunities for such courses.  We have been exploring, and here exemplify, such an approach in 
the teaching of behavioral neuroscience.  We believe that the underlying concept is quite generally applicable. 
We have tried  in the present case, and in others under development, to replace exercises in which students are 
told exactly what to do, what to measure, etc with exercises in which students are presented a problem that they 
must solve by personal exercise of the scientific method.  The general idea is to program a computer to behave like a 
real animal in some specific context, using mechanisms that have been hypothesized to perhaps actually underlie the 
phenomena in question.  In other words, we create a virtual animal that behaves according to some theory that is 
currently viewed as plausible.  We also program the computer so that students can apply a limited range of realistic 
methods that they can use to do experiments that can in principle lead them to an understanding of how the virtual 
animal works.   In doing this, they go through mental processes that are essentially identical to those of a real 
scientist trying to fathom similar  behavior in a real animal. 
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The example that we describe here is a program called SWIMMY that challenges students to come to an 
understanding of how the self-generated side-to-side rhythmic swimming movements of a fish's tail are generated.  
This is a special case of the more general problem of how locomotor movements of animals are generated (Marder 
& Calabrese, 1996).  This question has been intensively addressed by neurophysiologists since the end of the 19th 
century when Sir Charles Sherrington received the Nobel Prize for his work on the integrative action of the nervous 
system (Sherrington, 1906). As we commonly point out to students, the problem of rhythm generation was 
historically of philosophical as well as physiological interest.  At the end of the 19th century it was often felt that 
explaining spontaneous self-generated movements of animals, such as the rhythmic self-produced movements of 
walking, was a challenge that had to be met to counter vitalistic views of the self-produced activities of animals.   
Because students do not have  to deal with any of the technical and methodological challenges of real biological 
research, because they come to the problem with some intellectual background that the real scientists who studied 
this problem did not have, and because they get some guidance from instructors who know the history of this 
research area, they can  solve during the period of a one term course or a fraction thereof  (depending on the amount 
of guidance given) a problem that took real scientists almost a century to solve.  
Our goals in providing this experience are several:  (1). We wish to give the students hands-on experience with 
the principles of neuron physiology that they have been taught in their didactic courses but usually not learned very 
well.  It is quite clear that after their work with SWIMMY they have internalized a lot of neurophysiological 
knowledge that they only barely understood in the formal coursework.  (2). We wish to give students actual 
experience with the scientific method (examining nature, developing hypotheses, designing experiments to test the 
hypotheses, carrying out the experiments, altering or refining the hypotheses, etc, until they arrive at a conception 
that is consistent with reality).  For students who aspire to go on with some sort of scientific enterprise, this gives 
them a taste of what is in their futures.  Students who merely seek a liberal education, should gain some 
understanding of what science really is, and this will hopefully make them better able to understand the heavily 
scientific world in which they will be living.  (3). We also have some hope that the scientific reasoning that will be 
forced upon students in doing this sort of exercise might make them a slight bit  more sophisticated, critical, and less 
gullible citizens/scientists than they would otherwise be. 
2. Methods 
SWIMMY was programmed with the neural programming language NEURON (Hines & Carnevale, 2001), 
which is in the public domain.  SWIMMY has 26 neurons.  Eight of these comprise the neural circuit for swimming.  
Eight others are parts of simple circuits that are used in well-defined exercises that are used to review and improve 
the  basic knowledge of neuron physiology that students need in order to work intelligently with SWIMMY. 
The basic structure of the circuit for swimming and the activity of each of its neurons during swimming are 
shown in Fig 1.   Students are told that neurons 1 and 2 are motor neurons, one innervating the muscle that causes 
leftward flexion of the tail and the other rightward.  The figure shows alternating bursts of nerve impulses in the two  
motor neurons.    Students must use experimental methods to identify  the rest of the neurons, figure out how they 
are interconnected and then go on to figure out the mechanism of rhythm generation. 
Tools are provided in the program so that  students can record intracellularly from any of SWIMMY's neurons 
and can pass current into neurons so as to control their firing; these simple virtual tools, which mimic the principal 
tools of neural circuit analysis, are sufficient for solving the problem posed. 
For details of how SWIMMY is used at our home university, see Grisham et al (2008).  The program itself, as 
well as instructor and student manuals is available http://mdcune.psych.ucla.edu/modules/swimmy. 





Left flexor muscle    Right flexor muscle
= Excite
= Inhibit
Figure 1. SWIMMY's swimming circuit embedded in non-swimming-circuit neurons.  The activity of each of the circuit's neuron is shown.  
Neurons a and b generate the rhythmic burses.  Neurons c and d convert inhibition to excitation.  Neurons e and f provide reciprocal inhibition to 
ensure that the antagonistic muscles innervated by 1 and 2 do not contract 
3. Results 
Fig. 1shows SWIMMY's swimming circuit, which  students must discover for themselves.  At first glance, one 
simply sees a bunch of neurons all doing something very similar.  But in fact each neuron has different and essential 
function.  Students are told that more fully they can explain swimming the better but that the question of greatest 
interest is how the rhythmic bursting of the motor neurons is generated.  A full explanation of swimming 
mechanisms obviously requires that they work out the full circuit, but it is possible to get considerable insight into 
the mechanism of rhythm generation without doing this.  However, making progress of any kind requires identifying  
and studying neurons involved in generating the rhythm. 
  Neurons involved in swimming can be identified by a combination of observation and manipulation.  It can be 
anticipated that any neuron that fires in some sort of temporal correlation with the motor neuron rhythm is probably 
part of the circuit.  It can also be presumed that if alteration of a neurons firing alters the motor neuron firing pattern, 
that neuron is part of the circuit.  Fig. 1 above shows the activity of all the neurons in the circuit.   Fig. 2 illustrates a 
neuron that is not part of the circuit (A).  It also illustrates the effect on the motor neuron pattern of stopping one of 
the circuit neurons by hyperpolarizing a cell that is part of the circuit; since stopping the neuron in question from 
firing disturbed the activity of the motor neuron, the stopped neuron must have been part of the swimming circuit. 
Figure 2. A. A neuron not involved in swimming. B. Motor neuron 1 firing normally. C. Motor neuron 1 activity when one of  the swimming 
circuit neurons has been stopped
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If students are to get at the mechanism of rhythm generation they must ultimately identify neurons involved in 
generating the rhythm, as opposed to neurons ("followers") that are rhythmic simply because they get input from the 
generators.  If they have worked out the full circuit, they can distinguish generators from followers by stopping 
some neurons and seeing what the rest do.  Stopping followers will not alter the activity of generators, but if altering 
the activity of a neuron fundamentally alters the characteristics of the rhythm throughout the entire circuit, that 
neuron is probably part of the generation mechanism.  Fig. 3 illustrates some effects of altering the activity of 
generators and followers 
Figure. 3. Effects of stopping firing of generator vs follower cells 
Once generators are identified, one can try to devise experiments or observational regimens that will allow one to 
test various hypotheses of rhythm generation.  Our students have been told about three well-known hypotheses as to 
how rhythmic bursting might be generated:  1. Endogenous bursting:   Rhythmic bursting due to individual neurons 
whose intrinsic membrane properties cause them to generate rhythmic bursts of nerve impulses (SWIMMY does not 
allow investigation of what these mechanisms might be, but merely allows the student to determine whether they are 
operative in a neuron).  2. Mutually depressing inhibition:  Rhythmic bursting produced by pairs of neurons that fire 
tonically when not inhibited (due to their intrinsic properties or because they get continual input from elsewhere) 
and that inhibit each other via an inhibitory pathway that tires ("depresses") with use and recovers with rest.  3. 
Szekely Ring Oscillator:  Odd numbers of endogenously tonic neurons inhibit each other serially in a closed loop.   
When one  neuron of the ring  is inhibited by another, the inhibition that it was producing takes a period of time, 
equal to the period between bursts, to fade away.  
These hypotheses make many differential predictions.  For example: (1) The bursting of endogenous bursters 
cannot be stopped by stopping neurons that innervate them whereas that of ring oscillators and mutually depressing 
inhibition oscillators can.  (2). If  the firing of one of the neurons of a mutually depressing inhibition oscillator is 
stopped by hyperpolarizing it, the other neuron will start firing continuously, and each action potential will cause an 
inhibitory postsynaptic potential in the hyperpolarized neuron.  However, the inhibitory postsynaptic potentials will 
abate ("depress") over time. Neither of the other two mechanisms will produce such a pattern.  (3). Ring oscillators 
will show a characteristic cycle in which they first fire for a period, then receive inhibitory input for a period  
(evidenced by a series of inhibitory postsynaptic potentials), and finally are silent for a period after which a new 
burst of firing begins and the cycle is repeated.  Neither of the other two mechanisms produces such a pattern. There 
are alternative versions of SWIMMY which use different methods of rhythm generation.  Fig. 4 shows the effect of 
hyperpolarizing a neuron of the generation circuit of a mutually depressing inhibition oscillator and an endogenous 
bursting oscillator in which the bursters of the left and right sides of SWIMMY are mutually inhibitory (to keep 
them perfectly out of phase with each other). 
Stop cell a firing (third down): Rhythmic 
bursting collapses.  Therefore, cell a is part 
of the burst generation mechanism
Stop cell c firing (third down): Some cells 
affected, but rhythmic bursting still going in 
most of network.  Therefore cell c is a 
follower
.(fifth down): 
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Figure. 4.  An experiment which distinguishes two different theories of rhythmic burst generation.  In both cases nerve impulse generation in the 
upper of the two cells  of the generation circuit was stopped beginning at 100 msec by hyperpolarization.  In the top case, stopping one cell 
allowed the other, endogenously tonically active neuron, to be released from inhibition; it produces decrementing IPSPs in the hyperpolarized cell 
(arrow). In the bottom case stopping one cell had little effect on the other; and when the latter bursted, each spike continued to produce an IPSPs 
(arrow) in the hyperpolarized cell. 
Rhythmic burst generation due to mutually depressing inhibition 
Rhythmic burst generation due to coupled endogenous bursting neurons
Using these approaches a sufficiently capable student can use the scientific method to figure out how 
SWIMMY's swimming rhythm is generated.  In the process of doing this, a number of aspects of scientific enquiry 
and problems endemic to it are commonly experienced:  For example: (1). In working out the swimming circuit it is 
common for a student to observe an event in one neuron that seems to follow a nerve impulse in another and to infer 
that the one neuron provides input to the other.  However, more prolonged examination often shows this to not 
reliably true. Thus students become sensitive to chance correlations.   (2).  Also when working out the circuit, 
students sometimes find that a synaptic potential in one neuron reliably occurs at a fixed short interval after an 
action potential in another  neuron and infer that the one neuron produced the synaptic potential in the other.  
However, further work shows that this was not a causal relationship and that a third neuron produced both events 
independently.  When this happens instructors have the opportunity to use this as an excellent example of the oldsaw 
that "correlation does not imply causation."  (3). When stopping neuron firing by hyperpolarization, it commonly 
occurs that students have used such strong hyperpolarization that inhibitory postsynaptic potentials invert and 
become depolarizing, thus looking like excitatory postsynaptic potentials.  If the student then concludes that the 
synapse in question was excitatory rather than inhibitory, this can lead to great confusion when compared to 
inferences from other experiments.  This gives instructors the opportunity to review the biophysics of why such 
inversion occurs and to emphasize the importance of understanding details at  a level  of analysis that students may 
think is not relevant in the more integrative context of the present analysis.  (4). In attempting to figure out the 
mechanism of rhythm generation, it becomes crystal clear that it is much easier to progress by constructing logically 
possible hypotheses about how something might work and then testing such hypotheses than by trying to simply 
look at what happens under a variety of circumstances and from this trying to construct a plausible explanatory 
theory.  After this experience students understand much better than they otherwise would how the scientific method 
works. They appreciate why thought best precedes observation and experiment, and they see that hypotheses do not 
usually follow very directly or automatically from a mental process of induction 
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4. Discussion 
 We believe that the sort of exercises that SWIMMY exemplifies are a wonderful way to teach the scientific 
method as well as to solidify students grasp of particular substantive areas of science.  However, a problem that we 
have not solved to our satisfaction is the proper balance between letting students proceed on their own (in which 
case many will flounder) and guiding them to success (in which case something approaching the usual cook-book 
character of more traditional student science labs may be approached and students will not get a feel for what doing 
science is really like). [Development supported by NSF Grant CCLI DUE-0717306 to WG]
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